ABSTRACT: The competition between algae and aquatic bacteria for inorganic nutrients puts some constraints on the coexistence of these 2 essential groups in the water column. Based on competition and stoichiometry theories the carbon hypothesis states that, since bacteria are better competitors for nutrients, they may drive themselves to carbon (C)-limitation, so coexistence would naturally arise between nutrient-limited algae and C-limited bacteria. We tested the carbon hypothesis in 24 closed aquatic microcosms with 4 different artificial media inoculated with an alga (Scenedesmus obliquus) and a natural bacterial community. We monitored algal and bacterial growth, coexistence over time, and the limitation status of S. obliquus and the bacterial community. In all 24 microcosms, both the algal and the bacterial communities showed a net growth phase followed by a plateau, reflecting stable coexistence over time. At the plateau, the algae were limited by nitrogen (N) and/or phosphorus (P), depending on the medium, whereas the bacteria were co-limited by organic C and the nutrients N and P. We argue that these results are consistent with the carbon hypothesis, and we discuss the fact that bacteria were co-limited instead of purely C-limited in light of the resource-ratio theory. Our results provide evidence that, even in the absence of factors preventing competitive exclusion (e.g. spatial heterogeneity, temporal fluctuations, predators), phytoplankton and bacteria can coexist and sustain basic ecosystem functions, namely primary production and nutrient cycling.
INTRODUCTION
Primary producers and decomposers ensure the 2 basic processes of ecosystem functioning: the assembly of mineral material and energy into biomass and the return of the biomass into mineral material. The remineralization of organic detritus by decomposers provides a significant income of essential nutrients such as nitrogen (N) or phosphorus (P) for primary producers in most aquatic and terrestrial ecosystems (Pomeroy 1970) . However, due to a stoichiometric imbalance between the amount of detritus and decomposer biomass, decomposers usually need additional incomes of N and P (Bosatta & Berendse 1984, Sterner & Elser 2002) . By taking up inorganic nutrients in the water column, they compete with primary producers (Fig. 1 ). Competition has long been known to make the coexistence between species or between groups of species difficult. The principle of competitive exclusion states that, in the absence of facilitating factors such as predation, spatial heterogeneity of the environment, or any force preventing the system to reach equilibrium, 2 competitors can coexist in the long term only if they remain limited by different resources (Hardin 1960) . This suggests that coexistence between primary producers and decomposers is in theory not granted (Currie & Kalff 1984a , Thingstad & Pengerud 1985 , which raises important questions for ecosystem persistence (Daufresne & Loreau 2001) .
In aquatic ecosystems, unicellular algae perform most of the primary production and bacteria usually ensure a substantial part of the decomposition. Referring to the principle of competitive exclusion, Currie & Kalff (1984a) hypothesised that in freshwater, where algae are often P-limited, bacteria should be limited by a different resource, most likely organic C. Models (Bratbak & Thingstad 1985 , Thingstad et al. 1997 , Daufresne & Loreau 2001 provided some theoretical foundations to this hypothesis, referred to as the 'carbon hypothesis' by Daufresne & Loreau (2001) . The carbon hypothesis can be simply illustrated with a classic Zero Net Growth Isocline (ZNGI) based on the resource-ratio theory of competition (Tilman 1982 ). The ZNGIs represent the level of resource (here, either nutrient or organic C) for which mortality is balanced by population growth for a given species. The closer the ZNGI is to the axes (i.e. to zero), the more competitive the species is for the resources. We extend the pure competition model by Tilman (1982) to include the commensalist -competitive interaction between algae and bacteria in a similar fashion as proposed by Schade et al. (2005) , with the interaction between phytoplanktonic N-fixers and non-fixers. An outline of the original model by Daufresne & Loreau (2001) . The alga only consumes nutrient (horizontal consumption vector ជ c alg ) and its ZNGI is a straight line that hits the x-axis at the equilibrium (e) value N* alg (the R*, sensu Tilman 1982). The bacterium consumes both organic carbon and nutrient (consumption vector ជ c bact ) and its ZNGI has a classical corner shape. (A) If the alga is a better competitor for nutrient (N* alg < N* bact ) the 2 ZNGIs do not cross; hence, coexistence is impossible (Tilman 1982 , Daufresne & Loreau 2001 . (B) If the bacterium is a better competitor (N* alg > N* bact ), the 2 ZNGIs cross one another and coexistence is possible (equilibrium point e). In case there is a pool of bacterial strains instead of a single bacterium, displacement by competitive exclusion leads to selection for a co-limited dominant bacterium: (C) If a resident bacterial strain (bact1) coexists at equilibrium with an alga (equilibrium point e1), any invader strain (bact2) along the carbon-nutrient uptake tradeoff (Schade et al. 2005) whose ZNGI lies closer to the ZNGI of the alga will displace bact1 (Danger et al. 2008 ), leading to a new equilibrium point (e2). (D) Hence, as new invaders come, the equilibrium will slide towards the ZNGI of the alga, and the bacterial strain whose ZNGI for nutrient overlaps the ZNGI of the alga is a non-invasible species (equilibrium point e). This case represents a limit case of the carbon hypothesis referred to as the carbon co-limitation hypothesis in the text derivation of the ZNGIs from the model is presented in Appendix 1. Fig. 1A ,B depicts the ZNGIs of an alga and a bacterium in the inorganic nutrient (e.g. N or P) and organic C space. Clearly, coexistence at equilibrium is possible only if the ZNGIs cross one another (Tilman 1982), i.e. if the bacterium is more competitive than the alga for the nutrient. Daufresne & Loreau (2001) showed that, if the alga is a better competitor, the bacterium becomes extinct. In such a case, if the alga relies on the bacterium for nutrient recycling, the system will eventually run out of inorganic nutrient and the algal population will finally collapse. Recent theoretical studies have questioned the existence strict C-limitation for bacteria. This arises from the fact that (1) decomposition is usually performed by communities of bacteria rather than single strains, and (2) within a single strain, the occurrence of mutants is frequent. In this context, the resource-ratio theory predicts that competitive exclusion processes within the bacterial community should lead to the dominance of species that are co-limited by multiple resources (Cherif & Loreau 2007 , Danger et al. 2008 ). In Fig. 1C ,D, considering a set of bacteria rather than a single bacterium, we show that co-limitation is indeed expected with the original model by Daufresne & Loreau (2001) . Assuming an interspecific tradeoff between nutrient and C competitive abilities, depicted by an envelope curve in the nutrient and C space (Danger et al. 2008) , the resource-ratio theory predicts that competitive exclusion should select for a dominant bacterium which is co-limited by C and nutrients. Although not explicitly considered in the model by Daufresne & Loreau (2001) , co-limitation of bacteria by C and nutrients is not inconsistent with the carbon hypothesis. Indeed, co-limitation represents a specific case of the carbon hypothesis (the 'carbon co-limitation hypothesis') in which the alga and the bacteria have similar competitive abilities for the nutrients. This specific case is depicted in Fig. 1D , where the ZNGI of the alga and the dominant bacterium merge.
If the carbon hypothesis or the carbon co-limitation hypothesis turn out to be a general trend in aquatic ecosystems, one should expect that: (1) bacteria are generally better or equal competitors for nutrients than algae; (2) bacteria are generally carbon-limited in nature or co-limited by C and nutrients; (3) algae and bacteria can coexist even in the absence of facilitating factors.
Statement (1) is supported by the majority of empirical and experimental studies (Rhee 1972 , Currie & Kalff 1984b , Pengerud et al. 1987 , Joint et al. 2002 , even though some exceptions have been pointed out (Vadstein 1998 , Havskum et al. 2003 . Statement (2) remains more controversial. According to empirical and experimental studies, C-limitation is common in pelagic ecosystems (Bird & Kalff 1984 , Vadstein et al. 1989 , Kirchman & Richard 1990 , Tuomi & Kuupo 1999 , Joint et al. 2002 , Havskum et al. 2003 . However, some studies in marine (Thingstad & Rassoulzadegan 1995 , Thingstad et al. 1998 , Zohary & Robarts 1998 as well as in freshwater ecosystems (Currie 1990 , Morris & William 1992 led to the conclusion that bacteria were not C-limited, but limited by the same nutrients as algae. In this case, there must be some factor (e.g. predation on bacteria and/or algae, or fluctuations of nutrient concentrations in the water column) that prevents competitive exclusion. In the absence of this facilitating factor, it is not clear whether algae and bacteria would be able to coexist. It seems to us of importance to clarify this point, because Statement (2) and its corollary Statement (3) have major implications for ecosystem functioning, and in particular, for ecosystem persistence and resilience to perturbations (Daufresne & Loreau 2001) . For example, whether algae and bacteria form a stable assemblage per se or whether their coexistence relies on facilitating factors such as predation or resource fluctuation entails different conclusions regarding the role of functional diversity and physical disturbances in the persistence of aquatic ecosystems and in the functioning of the carbon cycle (Thingstad & Pengerud 1985) .
To shed some light on Statements (2) and (3), we designed an experiment to test whether an alga (Scenedesmus obliquus) and a community of bacteria were able to coexist and to perform primary production and efficient organic matter recycling in the absence of facilitating factors, and if so, whether the carbon hypothesis was supported. We inoculated S. obliquus and a community of freshwater bacteria into closed microcosms (no nutrient input or removal) containing artificial media. In these closed systems, the production of detritus by S. obliquus was a necessary condition for the bacteria to survive. In turn, the recycling by bacteria of essential nutrients from the detritus was necessary to provide a sustained supply of fresh inorganic nutrients to S. obliquus. We monitored whether S. obliquus and the bacteria were able to coexist in the long term and tested the factors limiting their growth at population steady-state.
We ran the experiment with 4 contrasted N and P stoichiometries. The purpose was to give the system the maximum degrees of freedom in terms of limitation for the alga (N or P) and the bacteria (C, N or P), and to cover a wide range from slightly oligotrophic to eutrophic situations.
MATERIALS AND METHODS
Microcosms and biological material. The microcosms were 500 ml flasks (Erlenmeyer) containing 400 ml of medium inoculated with Scenedesmus obliquus and a community of bacteria. We used 4 stoichiometric treatments. Each treatment was based on the regular Combo medium (Kilham et al. 1998) , and depletion was obtained by diluting the concentration of N or P while the concentrations of all other nutrients remained unchanged. The 4 treatments offered contrasting conditions for algal and bacterial growth, with N ranging from 0.14 (N-depleted and NPdepleted) to 14 mg l -1 (Combo and P-depleted), P ranging from 0.0155 (P-depleted and NP-depleted) to 1.55 mg l -1 (Combo and N-depleted), and the N:P ratio (in mass) ranging from 0.09032 (N-depleted) to 903.2 (P-depleted). We ran 6 microcosm replicates per treatment, which led to a total of 24 microcosms. We inoculated each microcosm with 1 ml of a pure, nonaxenic strain of S. obliquus (Turpin) Kützing, cultivated in Combo medium (Kilham et al. 1998) . S. obliquus is a well-studied species and physiological traits such as growth rate and N:P optimum ratio are documented (Rhee 1973 (Rhee , 1974 (Rhee , 1978 . To obtain the 1 ml inoculum of bacteria, we filtered temperate lake water (from lake Créteil, France) twice with 1.2 μm filters (Vadstein & Olsen 1989) . We verified that bacterivorous protists were absent from the inocula and we regularly checked for the absence of protists over the whole course of the experiment. We inoculated a community of bacteria instead of a single strain because (1) decomposition requires a number of functional traits that a single strain cannot usually fulfil (Golterman 1964 , Jannasch 1964 , Van Wambeke & Bianchi 1985 , and (2) we wanted to make sure that the bacterial community was diverse enough so that the sliding process depicted in Fig. 1C ,D could fully occur.
Within each microcosm, the medium was continuously stirred by bubbling filtered air in order to keep the medium homogeneous and prevent limitation of algal growth by CO 2 and to prevent anoxia and denitrification. The photoperiod was 12:12 h light:dark. We used fluorescent tubes, yielding an average light intensity of 33 μmol m -2 s -1
. No nutrients were added during the experiment, and evaporation was compensated weekly by deionized water. The temperature was maintained around 20°C.
Algal and baterial dynamics before steady-state. The microcosms were inoculated with the algal culture and the bacteria at the beginning of the experiment (time t 0 ). Algae were counted weekly under a microscope, using a Thomas counting chamber. Bacteria were counted every other week with an epifluorescence microscope after filtration with 0.2 μm filters and staining with 4', 6-diamidino-2-phenylindole (DAPI) (Porter & Feig 1980) . Sampling of 2 ml water from 3 randomly chosen microcosm replicates for each treatment was performed under axenic conditions in order to prevent infection of the microcosms by exogenous bacteria and/or protists. We estimated the algal biovolume by multiplying the number of counted cells by the mean cell volume. The mean cell volume was calculated from 30 randomly chosen cells, assuming ellipsoidal shapes. Bacterial biovolume was estimated directly by counting 'bacterial entities' (i.e. single cells or chains of cells) in 2 size classes, < 2 μm and > 2 μm. The volume of each size class was estimated from 30 randomly chosen entities, assuming a tubular form.
Coexistence at steady-state. Algal and bacterial dynamics were monitored until we observed stabilisation of algal biomass in all the microcosms, i.e. until algal biomass did not significantly increase or decrease further over several sampling events. We focused on algal rather than bacterial biomass because we assumed that, due to their shorter generation time, bacteria would adjust to detritus production, and hence algal demography should lead the dynamics of the system. Such a stabilisation was achieved in all the microcosms before time t 1 (11 wk after inoculation). We assumed that steady-state coexistence was met if both Scenedesmus obliquus and the bacteria sustained positive biomass at t 1 . At time t 1 , we sampled algal and bacterial biomass in each microcosm, and we compared biomasses across the 4 media using a randomised block analysis of variance (ANOVA), followed by pairwise post-hoc tests (Tukey's compromise) for each treatment (Combo, N-, P-and NP-depleted media), taking into account the block effect (variation among microcosm replicates). The data were log-transformed to normalise the residuals.
Limitation status of Scenedesmus obliquus and bacteria at steady-state. At time t 1 , a 50 ml aliquot of each microcosm was collected and distributed over five 10 ml flasks in order to test for nutrient or C-limitation. Glucose (C-test), N (N-test), P (P-test), or all 3 combined (NPC-test) were added, except for the control. N addition amounted to 85.01 mg l -1 as a final concentration in the N-and NPC-tests, P addition amounted to 8.71 mg l -1 as a final concentration in the P-and NPC-tests, and glucose addition amounted to 55 mg l -1 as a final concentration in the C-and NPC-tests. After 7 d incubation (at time t 2 ), we measured algal density and bacterial biovolume. We assumed that algal density was a good proxy for biomass since the variability in cell sizes was low. Cell sizes of bacteria varied a lot after nutrient addition, and we assumed that, in this case, biovolume was a better proxy for biomass. For each test, we derived the relative growth rate as the ratio of biomass measured in the test over the biomass mea-sured in the control. In the case of limitation by a given resource (glucose, N or P) we expected to notice a significantly higher relative growth rate following resource supplementation. Note that, since relative growth was calculated from a biomass difference, the limitation tested here was of the 'systemic' type (sensu Thingstad & Rassoulzadegan 1995) . In the case of co-limitation by 2 or 3 resources, we expected to measure a higher relative growth rate when adding all 3 resources. For each treatment (Combo, N-, P-and NP-depleted), we compared the relative growth rates across the 4 limitation tests (C-, N-, P-and NPC-tests). The comparison was performed using a randomised block ANOVA, followed by pair-wise post-hoc Scheffé's tests, taking into account the block effect (variation among microcosm replicates). The data were log-transformed to normalise the residuals.
RESULTS

Algal and bacterial dynamics and coexistence at steady-state
In all 24 microcosms, Scenedesmus obliquus and the bacterial community showed a growth phase after inoculation, followed by a plateau (Fig. 2) . The plateau was reached on average after 4 wk for the Combo and after 2 wk for the 3 other treatments. Once the plateau was reached, we did not notice any significant change in biomass for the whole time of the experiment (11 wk). Preliminary experiments, which ran for over 20 wk, showed the same pattern for both algae and bacteria. This suggests that bacteria efficiently recycled nutrients within the microcosms and that there was no competitive exclusion affecting the algae or the bacteria. This result was consistent across the 4 media. In contrast, steady-state biomass at time t 1 differed across the media, as depicted in Fig. 3 . For S. obliquus, biomass was lowest in the N-and NP-depleted media, whereas it was almost 2-fold higher in the P-depleted medium and more than 20-fold higher in Combo. The bacterial biomass varied less dramatically across the media and appeared to be more sensitive to N:P ratios than to nutrient concentrations. Indeed, bacterial biomass was lowest in the N-depleted medium and highest in the P-depleted medium, with an intermediate value for Combo despite much higher algal density (Fig. 3) . As a consequence, we observed a highly significant effect of the nutrient treatments on the algal:bacterial biomass ratio. This ratio was very low in the P-depleted media, intermediate in the N-and NP-depleted media, and significantly higher in the Combo medium.
Limitation of algal growth at steady-state
As depicted in Fig. 4 , the limitation tests revealed significant treatment effects on algal relative growth rates in all 4 media (p < 0.05). Post-hoc tests indicated that Scenedesmus obliquus was N-limited in the Combo and N-depleted treatments. For the P-and NPdepleted treatments, the results were less straightforward. For the P-depleted treatment, the P-test led to the highest relative growth rate and was significantly different from the N-tests, whereas the N-, C-and NPC-tests did not significantly differ. However, the Ctest led to a higher relative growth rate than the N-test. We exclude the possibility of direct limitation by glucose because glucose is neither a source of energy nor of C for S. obliquus. One can argue that, since glucose addition (Fig. 5) benefited the bacteria, it may have led to an increase in nutrient mineralisation and/or CO 2 production, which may in turn have benefited the algae. In such a case, however, the NPC-test would have led to a higher relative growth rate than the P-test, which was not the case. Therefore, we conclude that the algae were most likely P-limited. For the NP-depleted treatment, the C-, N-and P-tests were not significantly different, whereas the NPC-test was significantly different from the N-test and promoted a higher algal relative growth rate. The relative growth rate was higher in the C-and N-tests than in the P-test. We conclude that the algae were most likely co-limited by N, P, and C, with a stronger limitation by N, and possibly by CO 2 in the limitation test flask. However, it should be noted that, in contrast to the limitation test flasks, the microcosms received constant air bubbling. It is therefore unlikely that the algae were CO 2 -limited in the microcosms.
Limitation of bacterial growth at steady-state
As depicted in Fig. 5 , the limitation tests revealed significant treatment effects on bacterial relative growth rates in all 4 media (p < 0.01). In the depleted media (N-, P-and NP-depleted) post-hoc tests indicated that bacteria were clearly co-limited by C and at least one nutrient. We observed the same trend in the Combo medium, although there was no significant difference between the C-and the NPC-addition, which suggests that bacteria were closer to strict limitation by C.
DISCUSSION
Robustness of the coexistence
In all stoichiometric treatments, both Scenedesmus obliquus and the bacteria displayed a growth phase after inoculation, followed by a plateau phase (steadystate), indicating stable coexistence over time. At steady-state, algal and bacterial biomasses varied across the treatments. P-depletion led to higher biomasses for both S. obliquus and the bacteria, while higher concentrations of both N and P led to an increase in algal biomass only. The limitation status of S. obliquus varied across the treatments. As expected, the N-depleted medium led to N-limitation and the Pdepleted medium led to P-limitation, whereas the more balanced (in terms of N:P ratio) Combo and NPdepleted media led to N-limitation and co-limitation by both N and P, respectively. Hence, our goal to 'shake up the system' with strong stoichiometric constraints in order to address the robustness of the coexistence of S. obliquus and bacteria was fulfilled. Based on recent studies performed with the same experimental setup, Danger et al. (2007a,b) discuss the functional causes for the variations of the limitation status of S. obliquus across stoichiometric treatments in more detail. In particular, they show that bacteria can indirectly affect the nutrient status of algae by (a) differential storing of nutrients in their biomass and (b) providing CO 2 , which is a potential limiting factor for algae in eutrophic media.
In their review of lake ecosystems, Downing & McCauley (1992) reported that the ratio of total N:total P at the scale of whole lakes varied from <1 to > 250. Oligotrophic lakes showed typical N:P ratios of 95 and a total P concentration of 2 μg l -1 , while eutrophic lakes showed typical N:P ratios of 23 and a total P concentration of 50 μg l -1 . In our experiment, total N:P ratios varied from 0.09032 (N-depleted medium) to 9032 (Pdepleted medium), which is much higher than in natural lakes. The concentration of total P was 15.5 μg l Fig. 3 . Scenedesmus obliquus and bacterial biovolumes, and algal:bacterial biovolume ratio at time t 1 (11 wk after inoculation) in the 4 treatments (Combo, N-depleted, P-depleted, and NP-depleted). Numbers in parentheses are the N:P ratios in the media. After log-transformation, ANOVA detected a significant effect of the treatments on biovolumes and the ratio (p < 0.001). Letters (a,b,c) indicate statistically homogeneous groups (post-hoc Scheffé's tests, p < 0.05). Values are means + SE for the P-and NP-depleted media, which corresponds to the P-level usually observed in slightly oligotrophic lakes. For the Combo and N-depleted media, total P reached 1550 μg l -1
, which corresponds to a hypereutrophic state probably never achieved in nature. Hence, stoichiometric constraints in our experiment probably covered much of what is commonly encountered in nature, except for pronounced oligotrophy.
In all microcosms, and despite the absence of factors such as spacial heterogeneity (the medium was continuously stirred) or predation that would have prevented competitive exclusion, algae and bacteria coexisted in the long-term and bacteria performed efficient nutrient recycling. Although they were probably present in the microcosms, viruses did not control bacterial or algal biomasses. Indeed, algal and bacterial biomasses clearly showed a response to resource addition in the limitation tests, which is in accordance with former theoretical studies suggesting that viruses cannot control the total bacterial biomass in the water column (Thingstad 2000) . Hence, viruses could not act as factors preventing competitive exclusion. In the light of these results, we conclude that our microcosms were suitable to test the carbon hypothesis, because (1) algae and bacteria coexisted at steady-state, (2) the algae were nutrient-limited and relied on nutrient cycling by bacteria, and (3) factors preventing competitive exclusion were absent.
Validation of the carbon co-limitation hypothesis
Bacterial communities appeared to be co-limited by C and the nutrients (N and/or P) in all 4 stoichiometric treatments. As stated in the 'Introduction', co-limitation of bacteria by C and the nutrients N and P is not inconsistent with the carbon hypothesis. Indeed, colimitation represents a specific case of the carbon hypothesis (the carbon co-limitation hypothesis) in which the algae and the bacteria have the same competitive ability for the nutrient. Hence, we conclude that our experimental results validate the carbon co- Fig. 4 . Scenedesmus obliquus. Relative growth rates (= log of density in the test over density in the control at time t 2 ) in the 4 limitation tests (C, N, P, NPC) for each stoichiometric treatment (Combo, N-depleted, P-depleted and NP-depleted). ANOVA detected a significant effect of the tests (p < 0.05). The block effect (microcosm) was significant and therefore corrected for the Combo, the N-depleted and the P-depleted treatments. Letters (a,b) indicate statistically homogeneous groups (post-hoc Scheffé's tests, p < 0.05). Values are means + SE limitation hypothesis in all situations tested, whether nutrient availability was high (Combo medium) or low (depleted media), whether the algal to bacterial biomass ratio was high (Combo) or low (P), and whether the algae were limited by N (Combo and N-depleted media), P (P-depleted medium) or co-limited by N and P (NP-depleted medium). Co-limitation of bacteria in all our treatments is consistent with the hypothesis that competitive exclusion should select for dominant species which are co-limited (Cherif & Loreau 2007) . We depict the competitive exclusion mechanism in Fig. 1C,D , derived from the more general formulation proposed by Schade et al. (2005) . Note that this mechanism relies on the assumption that there is a large pool of available phenotypes in the bacterial community, which includes the co-limited phenotypes that end up being dominant. In our experiment, the initial bacterial community was probably diverse, since it came from a natural environment. In addition, the duration of the experiment (11 wk) was probably sufficient to allow for the selection of mutants. However, one cannot exclude that other non-exclusive mechanisms could have led to co-limitation in our experiment, e.g. phenotypic plasticity, as hypothesised in the case of vascular plants (Rastetter & Shaver 1992) . However, recent experimental results using a similar microcosm setup support the species replacement mechanism (Leflaive et al. 2008 , Danger et al. 2008 .
CONCLUSIONS
As far as they can be generalised, our results support the fact that algae and bacteria stably coexist when isolated from other functional groups. Thus, it seems that additional functional diversity is not necessary for the long-term persistence of primary production and nutrient recycling in the water column. Although the carbon hypothesis only represents one step in the complex chain of mechanisms that rule food web dynamics in the water column (e.g. Thingstad & Rassoulzadegan 1995 , Daufresne & Loreau 2001 it has several important implications to keep in mind when addressing plankton dynamics and the cycles of nutrients and C in Values are means + SE the water column. Among these implications is the priority of decomposition over primary production when exogenous organic C is supplied (Daufresne & Loreau 2001 ), which appears to play an important role in the functioning of freshwater ecosystems, especially for those that are subject to important organic inputs from watersheds (Hessen et al. 1994 , Jansson 1998 . The model is a modification of the Lotka-Volterra closed system model introduced by Daufresne & Loreau (2001) and applied to an alga and a bacterium in a closed microcosm:
where P, L and D represent the nutrient (e.g. nitrogen or phosphorus) stock in the algal biomass, the detritus and the bacterium, respectively, and N represents the inorganic nutrient. The parameters n, e, d, and m represent the rate of nutrient uptake by the alga, the algal mortality rate, the rate of detritus decomposition by the bacterium, and the bacterial mortality rate, respectively. Because the nutrient pool is finite (due to the closure of the nutrient cycle: no input or output from the microcosm), N is a linear combination of the other variables, given the total amount of nutrient N T provided to the microcosm before inoculation (time t 0 ). The parameters α and β represent the ratio of carbon to nutrient in the alga and algal detritus biomasses, and in the bacterial biomass, respectively. Hence, from the detritus nutrient stock dynamics in Eq. (A1), one can deduce the detritus carbon stock dynamics:
The rate of nutrient uptake by the bacterium, depends both on the intrinsic rate of uptake i and the need for a nutrient complement, given the difference of nutrient quota in the detritus and in the bacterial biomass. The coexistence steady-state is obtained by setting the 3 dynamic equations in Eq. (A1) to zero, assuming bacteria are carbon limited, i.e., (*denotes the value of a variable at equilibrium):
Note that 'bac' and 'alg' in D* and N*, respectively, highlight the fact that the bacterium is limited by the carbon contained in the detritus, whereas the alga is limited by the nutrient. In case of nutrient limitation for the bacterium, we refer to the steady-state value of N as 'N* bac ' (see below).
In the nutrient versus organic carbon space, The Zero Net Growth Isocline (ZNGI, sensu Tilman 1982) for each competitor is given by the values of the limiting resources (here, nutrient and organic carbon for the bacterium and nutrient only for the alga) for which growth is balanced by mortality, i.e. by definition, when the biomass is at steady-state. The ZNGI is depicted by the single 'N* alg ' line for the alga, whereas the bacterium's ZNGI is corner shaped, with the 'aL*' line when the bacterium is carbon limited and the 'N* bac ' line when the bacterium is nutrient limited. 
